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Electrochemical and PM-IRRAS Studies of the Effect of Cholesterol on
the Structure of a DMPC Bilayer Supported at an Au (111) Electrode
Surface, Part 1: Properties of the Acyl Chains

Xiaomin Bin, Sarah L. Horswell, and Jacek Lipkowski
Department of Chemistry, University of Guelph, Guelph, Ontario, Canada N1G 2W1

ABSTRACT Charge density measurements and polarization modulation infrared reflection absorption spectroscopy were
employed to investigate the spreading of small unilamellar vesicles of a dimyristoylphosphatidylcholine (DMPC)/cholesterol
(7:3 molar ratio) mixture onto an Au (111) electrode surface. The electrochemical experiments demonstrated that vesicles fuse
and spread onto the Au (111) electrode surface, forming a bilayer, at rational potentials —0.4 V < (E — Ey,c) < 0.4 V or field
strength <6 X 107 V m~'. Polarization modulation infrared reflection absorption spectroscopy experiments provided information
concerning the conformation and orientation of the acyl chains of DMPC molecules. Deuterated DMPC was used to subtract the
contribution of C-H stretching bands of cholesterol and of the polar head region of DMPC from spectra in the C-H stretching
region. The absorption spectra of the C-H stretch bands in the acyl chains were determined in this way. The properties of the
DMPC/cholesterol bilayer have been compared with the properties of a pure DMPC bilayer. The presence of 30% cholesterol

gives a thicker and more fluid bilayer characterized by a lower capacity and lower tilt angle of the acyl chains.

INTRODUCTION

Biological membranes consist of bilayers formed from
phospholipids as the basic building units, and various addi-
tional components. One of the most important components
of the membrane is cholesterol, which affects the membrane
properties significantly (1). For example, it reduces mem-
brane permeability (2—4), alters lateral diffusion rates for
both proteins and lipids (5,6), broadens gel-to-liquid crystal
lipid phase transitions, and modulates acyl chain order in
both gel and liquid crystalline states (7-9). All these changes
are related to the interaction between phospholipids and
cholesterol, which has attracted a lot of interest. Conse-
quently, a wide variety of physical techniques has been em-
ployed to investigate mixed phospholipid and cholesterol
monolayer or bilayer mixture systems (1,10,11).

The study of membrane phase behavior, as a function of
temperature and concentration of cholesterol, is a focus of
numerous studies (10,12-19). In general, pure phospholipid
bilayers can exist in four phases and experience three cor-
responding phase transitions. The subtransition arises from
the conversion of the crystalline gel (L./) to the lamellar
gel (Lg/) phase, the pretransition from the conversion of
the Lg' phase to the rippled gel (Pg-) phase, and the main
transition from a conversion of the Pg' phase to the lamellar
liquid-crystalline (L, ) phase. The existence of cholesterol in
the phospholipid bilayer was found to significantly influence
its phase behavior. The pretransition and the subtransition
disappear as the concentration of cholesterol is increased,
the main phase transition region becomes broad, and the main
phase transition temperature decreases correspondingly.
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Simultaneously, a cholesterol-rich gel-like phase (Log)
appears at temperatures below the main phase transition
temperature whereas a cholesterol-rich liquid crystalline
phase (L,,) appears at temperatures above the main phase
transition temperature at high concentrations of cholesterol
(20-23).

Despite quite a broad interest in the properties of the
phospholipid and cholesterol mixed bilayers, most of these
investigations have been performed as a function of tem-
perature or concentration of cholesterol. Natural biological
membranes are frequently exposed to static electric fields of
the order of 10’-10° V m™' (24). However, little is known
about how the electric field affects the properties of these
membranes. We have recently demonstrated that a phospho-
lipid bilayer deposited on a gold electrode surface can be
exposed to static electric fields comparable with that acting
on a natural biological membrane (25-29). Bilayers formed
by pure phospholipids were interrogated in these studies.

The object of this work was to investigate the effect of
cholesterol on properties of a membrane exposed to high
electric fields. The model membrane system studied in this
work was a mixed dimyristoylphosphatidycholine (DMPC)
and cholesterol (70:30 mol% ratio) bilayer formed on an Au
(111) electrode surface by fusion and spreading of vesicles.
For consistency with previous studies, all experiments were
performed at room temperature (20 = 2°C) at which the
DMPC/cholesterol (70:30 mol% ratio) bilayer existed in a
gel-like cholesterol-rich phase (Log) (22). The formation of
the bilayer at the interface was investigated with electro-
chemical methods. In situ photon polarization modulation
infrared reflection absorption spectroscopy (PM-IRRAS)
was used to monitor potential-induced reorientation and
conformational changes of phospholipid molecules in the
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bilayer. To assess the effect of cholesterol on the mem-
brane properties, the results for the DMPC/cholesterol mixed
bilayer were compared with the results for a pure DMPC
bilayer described in a previous article (29). Due to the huge
volume of experimental data, this work is divided into two
parts. In this article, we analyze the properties of the acyl
chains. The behavior of the polar head region of DMPC
molecules will be described in the next publication.

EXPERIMENTAL PROCEDURES
Preparation of DMPC/cholesterol vesicles

Vesicles were prepared by the method described by Barenholz et al. (30).
Solutions of dimyristoylphosphatidylcholine (deuterated DMPC (d-DMPC),
Avanti Polar Lipids, Birmingham, AL; nondeuterated DMPC (h-DMPC),
Sigma-Aldrich, St. Louis, MO) and cholesterol (99+ %, Sigma-Aldrich) in
chloroform (99.9+ %, Sigma-Aldrich) were combined in a test tube to form
a 7:3 (DMPC/cholesterol) mol fraction mixture. The solvent was evaporated
to dryness by vortexing the mixture under a stream of argon. Complete
removal of the chloroform was achieved by placing the test tube in a vacuum
desiccator for a minimum of 2 h. A sufficient volume of 0.1 M NaF (Merck,
Suprapur, Darmstadt, Germany) electrolyte was added to the dry lipid to
give an ~1-mg ml~" solution. The mixture was sonicated at 40°C for ~2 h
to form vesicles. The solution of vesicles was added to a glass cell using a
1-ml syringe. The final concentration of DMPC was ~1 X 10~ M.

Electrochemical measurements

All electrochemical measurements were carried out in an all-glass three-
electrode cell using the working electrode (WE) in a hanging meniscus
configuration (31). An Au single crystal with a (111) surface was used as a
WE. The counter electrode (CE) was an Au coil and the reference electrode
was a saturated calomel electrode (SCE). However, for consistency with
spectroscopic measurements and earlier articles from this laboratory, all
potentials will be reported versus the Ag/AgCl (3 M KCl) electrode (E =
—40 mV versus the SCE).

The supporting electrolyte was 0.1 M NaF. This is a nonadsorbing
electrolyte that suppresses solubility of the BaF, window used in PM-
IRRAS experiments. The electrolyte was deaerated by purging argon (BOC
Gases, Mississauga, Canada) through the solution for at least 30 min before
the measurements. Cyclic voltammetry and differential capacitance mea-
surements of the pure electrolyte were used to check the cleanliness of the
system (32). The equipment to perform electrochemical measurements
consisted of a Heka potentiostat/galvanostat 600 (HEKA, Lambrecht/Pfalz,
Germany) and a 7265 DSP lock-in amplifier (EG&G Instruments, Cypress,
CA). All data were acquired via a plug-in acquisition board (RC Electronics,
Santa Barbara, CA) and in-house software.

Chronocoulometry was applied to determine the charge density at the
electrode surface. The gold electrode was held at a base potential Ep,ge =
—0.05 V for 180 s to allow for complete spreading of vesicles on the
electrode surface. The potential was then stepped to a variable potential E.
for a time 180 s, which was long enough to establish a new equilibrium state
of the film at the electrode surface. The potential was then stepped to the
desorption potential Eq.s = —1.2 V (Ag/AgCl) for 0.15 s. Integration of the
current transients gives the difference between charge densities at potentials
E. and E4s. To measure the charge density for pure electrolyte as a
background, the same set of experiments was performed at the Au (111)
electrode in the solution without DMPC/cholesterol vesicles. The absolute
charge densities were calculated using a potential of zero charge (pzc)
Ey,c = 0.30 V versus Ag/AgCl. The solutions were stirred to enhance mass
transport to the electrode. Stirring was interrupted ~10 s before stepping the
potential to Eg.,. Surface pressures were calculated by integration of the
charge density curves.
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Spectral collection and processing

The PM-IRRAS setup consisted of a Nicolet Nexus 870 spectrometer,
equipped with an external optical bench, MCT-A detector TRS50 MHz
(Nicolet, Madison, WI), photoelastic modulator (PEM) (Hinds Instruments
PM-90 with II/ZS50 ZnSe 50 kHz optical head, Hillsoboro, OR), and
a demodulator (GWC Instruments synchronous sampling demodulator,
Madison, WI). The electrode potentials were controlled via a potentiostat
(EG&G, PAR model 362) using in-house software, an Omnic Macro and
a digital-to-analog converter (Omega, Stamford, CT). In addition, an Omnic
Macro was used to collect and save spectra. The infrared (IR) window was
a BaF, 1-inch equilateral prism. The window was washed with methanol and
water and then cleaned in an ozone ultraviolet chamber (UVO-cleaner,
Jelight, Irvine, CA) for 20 min before cell assembly. Details concerning the
PM-IRRAS spectroelectrochemical cell have been described elsewhere (33).
DMPC/cholesterol vesicles prepared in either D,O or H,O were injected into
the electrolyte-filled cell and the solution was deaerated with argon for 2 h
before measurement. The vesicles were allowed to fuse and spread to form
a bilayer on the surface of the working electrode. The potential of the WE
was set initially at —1.0 V versus Ag/AgCl and spectra were then acquired at
a series of potentials, which were programmed as a cyclic sequence of 0.1 or
0.2 V potential steps. In total, 20 cycles of 400 scans each were performed to
give 8000 scans at each applied potential. The resolution of the instrument
was 2 cm” . At the end of the experiment, blocks of scans were individually
checked for anomalies before averaging using in-house software.

Measurements of IR spectra were carried out with the PEM set at half-
wave retardation at 2900 cm ™' for the C-H stretching region and 2100 cm ™'
for the C-D stretching region, respectively. To avoid the large absorption
from the electrolyte background, D,O was used as the solvent for the
measurements in the 2900 cm ™' spectral region and H,O was used for
the 2100 cm ™" region. The incident angle of the IR beam was set at 53° and
the thickness of the electrolyte between the prism and electrode was 5.8 um
for the C-H stretching region. These parameters gave comparable intensities
of p- and s-polarized light inside the thin layer cavity and hence allow for the
cancellation of the IR absorption by vesicles that remained in the solution
without spreading on the electrode surface. For the C-D stretching region,
the incident angle was 60° and the gap thickness was also 5.8 um.

The demodulation technique developed in Corn’s laboratory was applied
in this work (34). A modified version of a method described by Buffeteau
et al. (35) was used to correct the average intensity /4(w) and the intensity
difference /p(w) for the PEM response functions and for the difference in the
optical throughputs for p- and s-polarized light. Finally, the measured
spectra had to be background corrected due to the absorption of IR photons
in the thin layer cavity. The spline interpolation technique described by
Zamlynny et al. (36) was used for this background correction. After all these
corrections, the background-corrected spectrum is a plot of AS (w), which is
the absorbance of the film of adsorbed molecules:

(ls _Ip)

AT AV

=23A=23T¢ 1)

where ¢ is the decimal molar absorption coefficient and I' is the surface
concentration of the absorbing molecules.

To determine the angle between the direction of the transition dipole of
a given vibration and the surface normal, the absorbance of a hypothetical
bilayer consisting of randomly oriented molecules Agandom) had to be
calculated. For that purpose, the optical constants for the acyl chains in the
mixed h-DMPC/h-cholesterol bilayer were determined from transmission
spectra using the procedure described (36-38). The transmission spectra of
h-DMPC/h-cholesterol and DMPC-ds4/h-cholesterol vesicles in D,O and
H,O and solutions of these mixtures in CCl; were measured in a flow cell,
consisting of two BaF, flat windows separated by a 25-um-thick Teflon
spacer. The attenuation coefficient k for the acyl chains was determined by
calculating k for the h-DMPC/h-cholesterol and DMPC-ds4/h-cholesterol
mixtures from transmission spectra and taking the difference between the
two k values. The refractive index n was calculated from k for the chains
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using the Kramers-Kroenig transformation. The average refractive index at
infinite frequency 7., = 1.4 was used for the whole spectral region (39,40).

The A random) Values were then calculated from the optical constants using
the optical matrix method for reflection from an interface consisting of four
phases: Au/DMPC/D,0 or H,O/BaF, (36,38). The optical constants for Au
and BaF, were taken from Palik (41), whereas the optical constants for D,O
and H,O were taken from Bertie et al. (42). The angle of incidence was 53°
and the thickness of the thin layer cavity was 5.8 um. They were determined
using the procedure described in Li et al. (38). The thickness of the film of
randomly oriented molecules was assumed to be equal to 5.5 nm, which is
the thickness of the mixed DMPC/cholesterol bilayer measured by the
neutron diffraction method (43). The spectra calculated from the optical
constants determined from transmission measurements for vesicles in D,O
and a DMPC-cholesterol solution in CCl, are plotted with thick lines in
figures presenting PM-IRRAS spectra for the bilayer formed by fusion of
vesicles.

Error analysis

To estimate the error in the determination of the tilt angle of the acyl chains,
one has to consider the possible errors that arise in each step of the entire
spectral data analysis procedure. Three factors can contribute to the net error
of the calculated tilt angles: 1), the errors in the absorbance Ay, in reflection
absorption spectroscopy and the error in absorbance A, calculated using
the experimentally determined optical constants; 2), the error from the
background correction procedures; 3), the error from the deconvolution
procedure. An estimate of all these errors gives the final uncertainty of the tilt
angle =2° This estimate is consistent with the observed spread of the
experimental points.

RESULTS AND DISCUSSION
Electrochemical properties

The behavior of the mixed DMPC/cholesterol bilayer on an
Au (111) electrode surface was characterized first with
charge density-potential plots. For comparison, the data for
the mixed bilayer and pure DMPC bilayer are presented
jointly. The measurements for the DMPC/cholesterol mix-
ture and pure DMPC were performed under similar con-
ditions. They refer to spreading of phospholipids at a
nonreconstructed Au (111) surface. The electrochemical data
for DMPC presented here are different from those shown
by Bin et al. (29) for a reconstructed Au (111) surface. The
differences reflect the effect of the surface crystallography
and a different choice of the base potential: —0.05 V in
this study and —0.8 V in the article by Bin et al. (29). At
E =—0.8 V the bilayer interacts very weakly with the gold
surface and hence a fraction of the bilayer can easily drift
away and be lost in the bulk of the electrolyte. To prevent
such losses, in this work the base potential was changed to
—0.05 V where the bilayer is firmly attached to gold.

Fig. 1 a plots the charge density curves for pure DMPC
and DMPC/cholesterol mixtures. In the potential region of
—0.4 < E < 0.4V, the absolute value of charge density at
the Au (111) electrode surface is much smaller in the pres-
ence of vesicles than in the vesicle-free solution. This behav-
ior indicates that vesicles fuse and form a film at the gold
surface. The absolute value of the charge at the electrode
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FIGURE 1 (a) Surface charge density on the gold electrode plotted versus
electrode potential for ((J) 0.1 M NaF supporting electrolyte, (M) pure
DMPC bilayer, and (@)mixed 7:3 DMPC/cholesterol bilayer spread from
a vesicle solution. (b) Surface pressure 7 versus potential plot calculated by
integration of the charge density curves: (W) pure DMPC bilayer and (@)
mixed 7:3 DMPC/cholesterol bilayer spread from the vesicle solution.

covered by the DMPC/cholesterol film is smaller than that of
the electrode covered by the film of pure DMPC, indicating
that a film with lower capacity is formed when cholesterol is
mixed with DMPC.

At E > 0.5 V, hydroxide adsorption and gold oxide
formation begin. The experiments were therefore restricted
to £ <0.5V. At E < —0.4V, the difference between the
charge densities measured for the Au (111) electrode in so-
lution with and without vesicles decreases and at the most
negative potentials the charge density curves merge, in-
dicating that the film is detached (desorbed) from the gold
surface. Independent neutron reflectivity experiments have
shown that when the bilayer is detached from the electrode
surface at negative potentials, it remains in close proximity
to the electrode, separated from the gold surface by an
~1-nm-thick layer of electrolyte (28).

The area between the charge density curves for the
supporting electrolyte and the electrolyte containing DMPC
or DMPC/cholesterol mixed vesicles corresponds to the
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surface pressure of the bilayer, which can be calculated using
the following equation (44,45):

E E
T=9Y,—7Y= / ondE — / owdE, (2)
E=-1.25V E=-1.25V
where yy and vy are the surface energies (7y is the work done
to create a unit area of a solid surface by cleavage) and oy,
and o are the charge densities in the absence and presence
of vesicles in the solution, respectively.

The surface pressure curves are shown in Fig. 1 b. The
surface pressure quantitatively describes the energetics of
spreading the vesicles to form a membrane at the metal-
solution interface. The surface pressure plot is bell-shaped
with a maximum of 125 mN m™' at E = 0.35 V for the
DMPC/cholesterol mixture and 105 mN m'atE=045V
for the pure DMPC. The equilibrium film pressure of
a monolayer of the DMPC/cholesterol mixture and pure
DMPC at the interface between air and the solution of ves-
icles amounts to 52 and 47 mN m_l, respectively. Therefore,
the maximum pressure of the film at the electrode surface is
close to the double of the pressure of a monolayer. This
number is consistent with the formation of a bilayer. In fact,
recent neutron reflectivity experiments demonstrated that
a bilayer is formed when mixed DMPC/cholesterol vesicles
are fused at a gold electrode surface (28).

The film pressure for the DMPC/cholesterol bilayer is
higher than for the bilayer of pure DMPC. This result shows
that the addition of cholesterol results in the formation of
a more compact membrane. Independent AFM experiments
performed on the same systems indicate that the bilayer
formed from pure DMPC vesicles exhibits a ripple phase,
which contains many defects and may be seen as an as-
sembly of rafts separated by cracks filled with the solvent. In
contrast, AFM images for the DMPC/cholesterol mixed
bilayer showed a smooth film (46). This observation is
consistent with differential scanning calorimetric data that
have shown that the ripple phase of phospholipid bilayers
disappears with the incorporation of >5% (mol%) choles-
terol (20,47).

The charge density curves can be used to estimate the
potential drop between the metal and the bulk electrolyte
solution (A¢n_s), which is approximately equal to the po-
tential drop across the membrane, using the formula (48):

Adys = %:A + X 3)
where x is the surface potential of the membrane. The
capacity C can easily be calculated by differentiation of the
charge density curve.

Fig. 2 plots oy/C calculated from the charge density
curves, for potentials where the bilayers are directly ad-
sorbed at the gold surface. These potentials are equivalent to
the transmembrane potentials applied to a membrane in the
patch clamp or bilayer lipid membrane experiment. The open
points in Fig. 2 plot the rational potential (£ — E,.) where
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FIGURE 2 The oy/C component of the potential drop across the
membrane (A¢y_s) and (E — E,,.) as a function of applied potential E.
(®)or\/C component for the pure DMPC bilayer and (@) for the mixed 7:3
DMPC/cholesterol bilayer spread from the vesicle solution. (-UJ-) (E — E)
for the pure DMPC bilayer and (-O-) for the mixed 7:3 DMPC/cholesterol
bilayer spread from the vesicle solution.

E,. is the potential of zero charge in a given solution of
vesicles (Ep, is equal to 0.156 V in the presence of DMPC
and 0.110 V in the presence of a DMPC/cholesterol
mixture). As expected, the values of o/C are comparable
with the values of the rational potential. The results show
that the bilayers are adsorbed at the gold surface when the
absolute value of o/C is <0.4 V. However, the neutron
reflectivity experiments indicate that the adsorbed bilayer
swells and absorbs water at £ < —0.3 V versus Ag/Ag/CL
This suggests that the compact bilayer exists when the
transmembrane potential is <0.3 V, in good agreement with
the magnitude of the transmembrane potential applied to
bilayer lipid membranes in membrane conductivity measure-
ments (49). Considering that the thickness of a membrane
bilayer is ~5 nm, the electric field across the bilayer changes
between ~—6 X 10’ Vm ™' and ~+6 X 10’ V.m™ " in this
potential region. The amplitude of this electric field is com-
parable with the field acting on a natural membrane (24).
The adsorption of phospholipid molecules onto the Au
electrode surface causes a small shift of the pzc in the
negative direction, ~180 mV for the DMPC/cholesterol
mixture and ~134 mV for pure DMPC, as shown in Fig. 1 a.
The shift of the pzc (Eyn) is described by Ex =
I'(n)® — nuY)/e (45), where T is the surface concentration
of organic molecules, ¢ is the permittivity, s ®and " are the
components of the permanent dipoles of the organic and
water molecules in the direction normal to the surface, and n
is the number of water molecules displaced from the surface
by one organic molecule. At the pzc of the Au (111)/solution
interface, water molecules are expected to have a small
preferential orientation with the oxygen atom directed
toward the metal and hence uY should be rather small (50)
and its sign should be negative. Therefore, the absolute value
of the dipole potential due to the orientation of perma-
nent dipoles of phospholipid molecules (7®) should be
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somewhat higher than 150 mV. In this case ] is likely to
be related to the asymmetric environment of the two leaflets
of the bilayer, one facing the metal and the other the bulk of
the solution. This estimate agrees reasonably well with the
value of the surface potential in free-standing bilayers of
phosphatidylcholines, estimated to be ~280 mV (51-53).

Fourier transform infrared studies

In the following section the infrared spectra of DMPC
bilayers containing 30% cholesterol under the influence of
a static electric field are discussed and compared with those
of pure DMPC bilayers described by Bin et al. (29). A DMPC
molecule contains 24 methylene groups and two terminal
methyl groups in two acyl chains, and four methylene groups
in the head moiety. A cholesterol molecule contains three
methylene groups in the alkyl chain, seven methylene and
seven CH groups in the four cyclic rings and five methyl
groups. For a DMPC/cholesterol (7:3 molar ratio) system, the
DMPC bands are dominant, as the cholesterol bands are
about an order of magnitude weaker. The bulk of the data
were collected for the bilayer of nondeuterated molecules
(h-DMPC/h-cholesterol mixture). However, additional meas-
urements were performed for a mixture of DMPC with
deuterated acyl chains and nondeuterated CH, groups in the
head moiety with nondeuterated cholesterol (DMPC-ds/h-
cholesterol). The difference between the spectra obtained for
the h-DMPC/h-cholesterol and DMPC-ds,/h-cholesterol
mixed bilayers then provided information exclusively related
to the C-H vibrations in the two acyl chains of the h-DMPC
molecule. In addition, the C-D vibration bands provided com-
plementary information concerning the deuterated hydro-
carbon chains in the DMPC-ds,/h-cholesterol system.

Vibrations of nondeuterated chains in the
h-DMPC/h-cholesterol mixture

Experiments described in this section were carried out with
D,0 as the solvent. Fig. 3 a shows the IR spectra in the CH
stretching region for the pure DMPC and DMPC/cholesterol
mixtures. In each case, the top two thicker lines represent
the bilayer of randomly oriented molecules, calculated from
the transmission spectra of a solution of phospholipids in
CCly and a dispersion of phospholipid vesicles in D50,
respectively. The four thinner curves below plot the PM-
IRRAS spectra for the bilayer of phospholipids at the
electrode surface at selected electrode potentials. There are
four normal mode bands corresponding to the asymmetric
v,s(CH3), v,(CH,) and symmetric v((CH3) and v,(CH,)
stretches, and two Fermi resonances between the overtones
of the symmetric bending mode and symmetric methyl and
methylene stretches (54) in this spectral region.

The addition of 30% cholesterol affects the position,
width, and intensity of the CH, stretch bands significantly.
These changes may result from a change of the total number
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FIGURE 3 (a) PM-IRRAS spectra in the CH stretching region of the
h-DMPC bilayer (dashed line) and the mixed 7:3 h-DMPC/cholesterol
bilayer (solid line) on an Au (111) electrode surface in 0.1 M NaF/D,O
solution at potentials indicated on the figure. The top two traces plot spectra
calculated for a 5.5-nm-thick film of randomly oriented molecules, using the
optical constants for h-DMPC or h-DMPC/cholesterol (7:3) mixtures for
solutions in CCly (fop line) and vesicle dispersions in D,O (second line). (b)
PM-IRRAS spectra in the CH stretching region of the mixed 7:3 DMPC-ds4/
h-cholesterol on an Au (111) electrode surface in 0.1 M NaF/D,0 solution at
potentials indicated on the figure. The top two traces plot spectra calculated
for a 5.5-nm-thick film of randomly oriented molecules, using the optical
constants for the DMPC-dss/h-cholesterol (7:3) mixture determined from
transmission spectra of a solution in CCly (fop line) and a vesicle dispersion
in DO (second line). Abbreviation a.u. denotes absorbance units.

of the CH, groups, a change in the number of gauche con-
formations, or a change of the tilt angle of the acyl chains in
the DMPC molecules. To separate these effects we have
performed an additional experiment using DMPC molecules
with perdeuterated acyl chains (DMPC-ds,). This molecule
has fully deuterated acyl chains but the four methylene
groups in the polar head region and the methyl groups of the
choline moiety contain hydrogen atoms. Fig. 3 b plots
spectra in the C-H stretch region for the DMPC-dss/h-
cholesterol mixed system. Again, the top two thick lines plot
the spectra for the CCl, solution and the aqueous dispersion
of vesicles. The bottom curves plot the spectra for the bilayer
adsorbed on the Au (111) electrode surface at selected
electrode potentials. The band intensities in this spectral
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region are obviously much weaker than for the h-DMPC/h-
cholesterol mixture presented in Fig. 3 a.

The difference between the spectra measured for the
bilayer of nondeuterated molecules (h-DMPC/h-cholesterol)
and the bilayer of DMPC with perdeuterated tails (DMPC-
ds4/h-cholesterol) gives the spectra for C-H stretch modes of
the acyl chains only, assuming that the physical state (phase)
of the acyl chains does not affect the conformation of the
headgroups or cholesterol molecules. The spectra of the acyl
chains are plotted in Fig. 4 a. The deconvolution of this
spectral region into v,(CHs), v,((CH,) and symmetric
vs(CH3) and v,(CH,) stretches and two Fermi resonances
is shown in Fig. 4 . The CH stretch bands contain valuable
information concerning the conformation and orientation
of the acyl chains and the physical state of the bilayer. In
the following, we shall discuss chiefly the changes of the
position, the width, and the intensity of the v((CH,) band.
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FIGURE 4 (a) IR bands of the acyl chains of DMPC/cholesterol mixed
bilayers on an Au (111) electrode surface in 0.1 M NaF/D,0 solution at the
indicated potentials. The top two thicker traces plot spectra for a 5.5-nm-
thick film of randomly oriented molecules, calculated from optical constants
determined from transmission spectra of a solution in CCly (top line) and
a vesicle dispersion in D,O (second line). (b) Example of a deconvolution of
the overlapping v, (CH3), v,(CH,), vs (CH3), v¢ (CH,) bands and two
Fermi resonances between the overtones of the symmetric bending mode
and symmetric methyl and methylene stretching modes for the DMPC/
cholesterol mixed bilayer at E = —0.2 V. Abbreviation a.u. denotes absor-
bance units.
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When needed, we shall also show some of the data for the
v,s(CH,) and 6(CH,) modes.

The potential dependences of the band position and the
full width at half-maximum (FWHM) of the symmetric CH,
stretching mode (v4(CH,)) in the bilayer of pure DMPC and
h-DMPC/cholesterol mixtures are plotted in Fig. 5, @ and b,
respectively. The frequency of this band depends on the
average number of gauche conformers in the system (55). A
frequency of the band center of <2850 cm™ ! for v(CH,) is
characteristic of the gel state of the bilayer, in which the acyl
chains are fully stretched and assume an all-frans confor-
mation. The presence of gauche conformers shifts the band
to higher frequency and induces higher fluidity of the bilayer.
Higher fluidity of the bilayer increases the FWHM of the
(v5s(CH,) band (56-59).

For the pure DMPC bilayer, the v,(CH,) band position is
located at 2851.5 cm ™' when the bilayer is detached from the
Au (111) electrode surface at negative potentials. A slight
blue shift to 2852.0 cm™' was observed when the bilayer
was adsorbed at the Au (111) electrode surface at positive
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FIGURE 5 (a) vs (CH,) band center positions and (b) the FWHM as
a function of electrode potential. (A, potential changed in negative direction)
and ([, potential changed in positive direction) for the pure h-DMPC
bilayer; (A, potential changed in the negative direction) and (M, potential
changed in the positive direction) for the mixed 7:3 h-DMPC/cholesterol
bilayer. (#, potential moved in the negative direction) and (%, potential
moved in the positive direction) show v(CD,) band center (¢) and FWHM
(b) for the DMPC-ds4/h-cholesterol bilayer.
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potentials. The frequencies of the v;(CH,) band for the pure
DMPC bilayer are characteristic of the ripple phase (60) in
which the acyl chains of the DMPC molecules are pre-
dominantly in the all-zrans conformation with a small
fraction of the chains being melted (60).

The small shift of the band position to higher frequencies
(by 0.5 cm™") at positive potentials is accompanied by
a small increase of the FWHM from 9 to 9.5 cm™'. This
behavior indicates a small increase in the number of gauche
conformations and a concomitant increase in fluidity of the
film. In the dispersion of vesicles in D,0, the band frequency
was 2853.5 cm ™' and its FWHM was 12 cm ™', Therefore,
the bands in the bilayer supported at the Au (111) electrode
are narrower and red-shifted with respect to the band in
vesicles, indicating that, relative to the vesicles, the sup-
ported bilayer has fewer gauche conformations and is less
fluid.

The incorporation of cholesterol into the bilayer results in
several effects. In general, the vs(CH,) bands have higher
frequencies and are broader for the h-DMPC/cholesterol
mixed bilayer than for the pure DMPC bilayer. This behavior
is consistent with the fact that cholesterol increases the
average number of gauche conformers in the system in the
gel phase (8). However, as Fig. 5, a and b, show, the changes
of the band position with the electrode potential are in the
opposite direction to the changes observed for the bilayer of
pure DMPC. In the desorbed state at negative potentials, the
band position is ~2855.5 cm ', In the adsorbed state at
positive potentials, a red shift of the band position to ~2853
cm~ ' is observed. The FWHM is approximately equal to
~10.5 cm™ " and is essentially independent of potential. In
the dispersion of vesicles, the v((CH,) band frequency is
2852 cm ™! and its FWHM is equal to 11 cm ™. Apparently,
the v(CH,) band positions for the bilayer have higher fre-
quencies although similar widths to the bands for the suspen-
sion of vesicles in D,0.

The frequency shift with potential is more pronounced for
the h-DMPC/h-cholesterol mixture than for the pure DMPC
bilayer. Recent differential scanning calorimetry data (21)
indicate that at a temperature of 20 = 2°C, a DMPC bilayer
containing 30% cholesterol is a mixture of two phases,
a liquid-ordered gel-like phase (Log) and liquid ordered
liquid-crystalline-like phase (L,.). These results suggest that
the fraction of L, and L,z phases changes with the electrode
potential. The fraction of the L, phase appears to be higher
at negative potentials, where the bilayer is separated from the
metal by a cushion of solvent, and decreases at positive
potentials, when the bilayer becomes directly adsorbed at the
metal surface.

The spectra in Fig. 4 show that the intensity of the CH,
stretch bands of the h-DMPC molecule changes significantly
with the electrode potential. Such a change may result either
from a change in the number of gauche conformations or
from the change in the orientation of the acyl chains. To
separate these two effects, additional transmission measure-
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ments for a suspension of DMPC vesicles as a function of
temperature ranging from 20 to 28°C have been performed.
The phase transition from the gel to the liquid crystalline
state takes place in the middle of this range, at 24°C. The
integrated intensities of the v,,(CH,) and v,(CH,) have been
calculated and plotted against the band frequency (data not
shown). The results have shown that the change in the
conformational state changes the integrated band intensity
by <2%. This change is negligible and in the following
data analysis, we have considered that the potential-driven
changes of the band intensity reflect a change in the orienta-
tion of the acyl chains.

The orientation of the acyl chains with respect to the
surface normal can be determined from the integrated band
intensity, which is proportional to the dot product between
the transition dipole moment vector (1) and the electric field
vector (E) (36,37,61):

/ Adv | - E[* = cos’ ][ (E?), )

where 60 represents the angle between the direction of the
transition dipole and the electric field of the photon (which is
normal to the surface). The angle 6 can be calculated from
the intensity of a hypothetical film consisting of randomly
oriented molecules determined from an independent exper-
iment (26,27,29,36,37) as described in the experimental
section. Knowing the band intensity for a film of randomly
oriented molecules, the tilt angle 6 can be then calculated
with the formula:

cos’ 6§ = ! 7fA(E)dV

5
3 fA(random)dv’ ( )

where Ag) and A andom) are the absorbances of the IR bands
for the bilayer at the electrode surface and for the hypo-
thetical bilayer consisting of randomly oriented molecules.

Fig. 6, a and b, are plots of the angles between the
directions of the transition dipoles of the symmetric and
asymmetric methylene stretches and the surface normal,
calculated from the integrated band intensities with Eq. 5.
The cartoons alongside this figure show the positions of the
transition dipoles with respect to the acyl chain of the
phospholipid molecule. The transition dipoles of the two
stretches are located in the plane of the methylene group. The
transition dipole of the v{(CH,) is oriented along the group
diagonal. The transition dipole of the v,,(CH,) is perpen-
dicular to the diagonal and is aligned along the direction
joining the two hydrogen atoms of this group (62).

The transition dipole of the v3(CH,) band has the same
direction as the transition dipole of the bending band
(6(CH,)) at 1468 cm ™! The angle for the transition dipole of
the §(CH,) is plotted in Fig. 6 ¢. The bending band is weaker
than the v(CH,), hence the experimental values of 6 for this
band are subject to larger errors. As expected, similar
changes of 0 are observed for the symmetric stretch and the
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bending band and their values differ on average by <<4°. This
result indicates that similar structural information can be
extracted from IR bands located in different spectral regions.
The angle between the directions of the transition dipoles of
the CH, stretching and bending vibrations and the surface
normal decreases abruptly in the potential region of —0.6 V
< E < —0.4 V, where adsorption of the bilayer at the
electrode surface takes place. Apparently, the phospholipid
molecules reorient on forming a bilayer directly adsorbed on
the Au (111) electrode surface.

When the acyl chains are fully stretched in the all-trans
conformation, the transition dipole moments of the two meth-
ylene stretches are not only perpendicular to each other but are
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FIGURE 6 (a) The potential dependence of the angle
(6) between the directions of the transition dipole moment
and the electric field of the photon (normal to the surface)
for the mixed DMPC/cholesterol bilayer on the Au (111)
electrode in 0.1 M NaF/D,O0 solution for: (@) vs(CH,) (m)
potential changed in the positive direction, ((J) potential
changed in the negative direction; (b)v,(CH,) (A)
potential changed in the positive direction, (A) potential
changed in the negative direction; (c) 8(CH,) (@) potential
changed in the positive direction, (O) potential changed in
negative direction.

also perpendicular to the line of the hydrocarbon chain, and
angles 0, 0,5, and O, are related by the formula (63):

s’ B, + c0s” O, + OS” Opain = 1. (6)

In this case, a certain number of the acyl chains in the
mixed DMPC-bilayer are melted and have gauche con-
formations. Under these conditions, Eq. 6 may only be used
to calculate the chain tilt angle as an approximation. Fig. 7
plots the chain tilt angle as a function of the applied po-
tentials. The solid dots and triangles show the tilt angle for
the hydrocarbon chains of the DMPC/cholesterol mixed
bilayer; the empty dots and triangles show the tilt angle of
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FIGURE 7 Dependence of the tilt angle of the acyl chains on the electrode
potential for the pure DMPC bilayer; dashed lines, (O) potential changed in
the positive and (A) potential changed in the negative direction. Solid lines,
(@) and (A) denote corresponding changes of the tilt angle for the mixed
h-DMPC/h-cholesterol bilayer.

hydrocarbon chains for pure DMPC bilayers on the Au (111)
electrode surface, respectively.

The tilt angle changes significantly with the electrode poten-
tial. At E < —0.6 V, where the bilayer is detached from the
metal surface, the tilt angle is ~25° for h-DMPC/cholesterol
mixed bilayers and ~35° for pure DMPC bilayers. The tilt
angle changes to ~52° for the DMPC/cholesterol mixed film
and to ~55° for the pure DMPC at E > —0.4 V, where the
bilayer is directly adsorbed at the metal surface. The in-
corporation of 30% cholesterol into the bilayer leads to
a decrease of the tilt angle of the acyl chains both in the
desorbed and absorbed states. This indicates that the bilayer
containing cholesterol is thicker than the bilayer of pure
DMPC. This result is in agreement with the previous x-ray
diffraction (1,64) or neutron diffraction (43) studies per-
formed on vesicles or multilayers.

Vibrations of deuterated chains in
DMPC-ds4/h-cholesterol mixture

The experiments described in this section were carried out
using H,O as the solvent. The temperature of the gel-liquid
crystalline state phase transition is 18°C for deuterated DMPC
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(4,65), whereas it is 24°C for nondeuterated DMPC (66).
Because our measurements were carried out at 20 = 2°C, the
bilayers of nondeuterated and deuterated DMPC were in
different physical states. Nevertheless, it is interesting to ex-
tract additional structural information from the analysis of CD
stretch bands in the DMPC-ds4/h-cholesterol bilayer. Fig. 8 a
plots the CD stretch bands in the spectral region between 2000
and 2300 cm~'. The top two lines plot the bands for the
bilayer of randomly oriented molecules, calculated from the
optical constants determined with the help of transmission
spectra of a solution of DMPC-ds,4 in CCl, and a dispersion of
DMPC-ds4 vesicles in H,O, respectively. The four bottom
curves plot the PM-IRRAS spectra for the bilayer of DMPC-
dss/h-cholesterol at the electrode surface at selected electrode
potentials. This spectral region consists of four overlapping
bands corresponding to v,,(CD3), v,,(CD,), v((CD3), and
v4(CD,) and two Fermi resonances between vy(CDj3) and

AS ’o.oo3 au.

H,O
«~
w
-0.8v
D e RPNl NSRS
22‘50 22‘00 21‘50 21‘00 20‘50
wavenumber cm’
AS 10.0005 a.u, =
po S . (b)
2 =
g Q
> >
: ]
3 ¥
) -~
< a

T T T T T
2250 2200 2150 2100 2050

Wavenumber / cm’!

FIGURE 8 (a) PM-IRRAS spectra for the CD stretching region of a mixed
DMPC-ds4/h-cholesterol bilayer on an Au (111) electrode in 0.1 M NaF/
H,O solution at the indicated potentials. The top two traces plot spectra
calculated for a 5.5-nm-thick film of randomly oriented molecules, using
optical constants for DMPC-ds4/h-cholesterol (7:3) determined from
transmission spectra of the solution in CCly (top line) and the dispersion
of vesicles in HyO (second line). (b) Example of a deconvolution of the
overlapping v, (CD3), ¥,5(CD5,), v5 (CD3), v, (CD,) bands and two Fermi
resonances between overtones and symmetric methyl (v4(CD3)) modes for
the mixed DMPC-ds4/h-cholesterol bilayer at E = —0.2 V. Abbreviation a.u.
denotes absorbance units.
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overtone bands (55,67). The band assignment and deconvo-
lution are shown in Fig. 8 b.

For the sake of comparison with the »s(CH2) band, the
vs(CD2) band frequency is plotted as a function of the
electrode potential in Fig. 5 a. At the most negative po-
tentials, where the mixed bilayer is detached from the metal
surface, the v((CD,) band center is located at ~2097 *= 1
cm L AtE > —04 V, where the bilayer is adsorbed on the
Au (111) surface, the band center moves by approximately
four wavenumbers to ~2094.5 = 0.5 cm L. Clearly, the
changes of the band position with potential are much more
pronounced than for the h-DMPC/h-cholesterol mixture. In
a CCly solution of d-DMPC/cholesterol, the position of the
vs(CD2) band is 2098 cm™'. In a dispersion of DMPC-ds4/h-
cholesterol vesicles in H,O, this band appears at 2090 cm ™.
The positions of the C-D stretch band indicate that the
d-DMPC/h-cholesterol bilayer is in the liquid crystalline
phase (68). However, the red shift of the band center in
response to the change of the electrode potential from
E < —-04VtoE > —04V, indicates that the acyl chains
in the bilayer adsorbed at the metal surface contain fewer
gauche conformations than in the desorbed bilayer.

The FWHM of the vs(CD2) band is plotted against the
electrode potential in Fig. 5 b. The bandwidth changes from
~12 cm ™! at the most negative potentials to ~17 cm ™" at the
most positive potentials. These numbers may be compared
with 19 and 14 cm™ ' corresponding to the FWHM of the
vs(CD2) band in the solution of DMPC-dss/h-cholesterol
mixture in CCl, and in the suspension of vesicles formed by
this mixture in H,O. In the bilayer supported at the electrode
surface, the acyl chains of deuterated DMPC contain more
gauche conformations but are less mobile than in the
suspension of vesicles at negative potentials where the bi-
layer is in the desorbed state. At more positive potentials, in
the adsorbed state, the chains have fewer gauche conforma-
tions but are more mobile. One can also note an increase of
the bandwidth (and hence the chain mobility) at the
adsorption/desorption potentials ~—0.5 V. Overall, the
changes of the chain conformation and the chain mobility
with potential are much more profound for perdeuterated
than for nondeuterated chains.

Fig. 8 a shows that the intensity of the C-D stretches in the
bilayer supported at the electrode surface is much weaker
than the intensity of these bands in a spectrum of a bilayer
consisting of randomly oriented molecules, calculated from
the transmission spectra of DMPC-ds4/h-cholesterol mixture
in CCl, or from a spectrum of vesicles dispersed in H,O. The
integrated intensities of these bands can be used to calculate
angles between the directions of the transition dipole
moments of the v,,(CD,) and v,(CD,) band and the surface
normal. Fig. 9, a and b, plot the angles 6, and 6, as a function
of the electrode potential. Interestingly, the values of 6 for
the CD, stretch agree within 4° with the angles reported in
Fig. 6 a for the symmetric CH, stretch. However, the values
of 6, for the CD, band are significantly higher than 6,5 for
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FIGURE 9 Dependence on the electrode potential of the angle (0)
between the direction of the transition dipole moment and the electric field of
the photon (normal to the surface) for the mixed DMPC-ds4/h-cholesterol
bilayer at an Au (111) electrode in 0.1 M NaF/H,O solution; (@) v (CD,)
and (b) v,(CD,) band, (@) potential changed in the positive and (A)
potential changed in the negative direction.

CH, vibrations, shown earlier in Fig. 7 a. These differences
reflect a different physical state of the bilayers formed by
deuterated and nondeuterated DMPC.

Because the bilayer of deuterated DMPC is in the liquid-
crystalline state, we cannot use Eq. 6 to calculate the chain tilt
angle. However, the changes of 6, and 6,; with potential
suggest that the acyl chains of d-DMPC in the mixed bilayer
are more tilted when the bilayer is directly adsorbed on the Au
(111) electrode surface and less tilted when the bilayer is
detached from the metal surface at more negative potentials.
Clearly, the electric field-driven transformation of the DMPC-
ds4/h-cholesterol bilayer is similar to the change observed
for the h-DMPC/h-cholesterol bilayer. This is an important
result. The processing of spectroscopic data involves back-
ground correction and band deconvolution procedures af-
fected by systematic errors that are difficult to estimate. The
fact that consistent physical information was obtained from
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the analysis of IR bands located in different spectral regions
indicates that these errors are small.

SUMMARY AND CONCLUSION

We have compared spreading of small unilamellar vesicles
of pure DMPC and DMPC/cholesterol (7:3 molar ratio) at
the Au (111) electrode surface by combined electrochemical
and PM-IRRAS measurements. The charge density measure-
ments provided the estimate of the potential drop across the
membrane and energetics of the bilayer adsorption on gold.
We have found that the bilayers are adsorbed (in direct
contact with the metal) when the potential drop across the
membrane is <0.4 V or the field acting at the membrane is
<~6 X 10" V. m~'. When higher potentials (higher fields)
are applied to the electrode, the bilayers are detached from
the metal surface. Independent neutron reflectivity experi-
ments (28) have shown that in the desorbed (detached) state
the membrane remains in close proximity to the metal,
separated by a ~1-nm-thick cushion of electrolyte.

The PM-IRRAS experiments provided information con-
cerning the effect of the electric field on the orientation and
conformation of DMPC molecules. At potentials where the
bilayers are detached from the metal surface, the tilt of the
acyl chains with respect to the surface normal is comparable
with the tilt observed for bilayers in vesicles or in stacks of
hydrated multibilayers. A dramatic increase of the tilt angle
by 25-30° and a concomitant significant increase of the
area per molecules is observed when the bilayer becomes
adsorbed at the metal at fields <6 X 10’ V. m~'. The most
pronounced changes in the tilt are observed between the
adsorbed and desorbed (detached) states of the bilayer. Once
the bilayer is adsorbed, a further change of the poten-
tial causes only a minor change of the tilt angle.

In the presence of cholesterol, the tilt angle and hence the
area per DMPC molecule decrease. The addition of cho-
lesterol leads also to an increase in the number of gauche
conformations. These facts are consistent with the literature
(1,8,64). However, we have discovered an interesting new
phenomenon that cholesterol introduces much fewer gauche
conformations in the adsorbed state than in the desorbed
state of the bilayer. In the mixed DMPC/cholesterol bi-
layer, a significant conformational change of the acyl chains
accompanies the potential-controlled phase transition from
the desorbed to the adsorbed state of the bilayer. In contrast,
in the bilayer of pure DMPC the conformational changes
during the transition from the desorbed to the adsorbed state
are negligible.

We have also shown that the mixed DMPC/cholesterol
bilayer is characterized by a larger film pressure than the
bilayer of pure DMPC. The bilayer with cholesterol is
apparently energetically more stable and more compact
when adsorbed at the metal surface. It constitutes a better
matrix for the incorporation of peptides for further studies of
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the effect of the static electric field on the orientation and
conformation of peptides and proteins.
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